Abstract. The prodrug bivatuzumab mertansine (BIWI 1) is a novel CD44v6-targeting humanized monoclonal antibody coupled to the toxin mertansine. In a phase I dose escalation trial 31 patients with squamous cell carcinomas of the head and neck were treated with doses of 25-325 mg/m 2 as a 30-min infusion. Thirteen patients received a second infusion after 3 weeks. Serial serum samples were collected to determine the pharmacokinetic parameters of the prodrug BIWI 1 and of deconjugated BIWI 1 as well as the occurrence of anti-BIWI 1 antibodies. The maximum tolerated dose was reached at 300 mg/m 2 attributable to skin toxicity. No immune response was observed in any patient. For BIWI 1 and deconjugated BIWI 1, clearance values were low and distribution was limited resulting in half-lives of ~3-3.5 days and ~6-7 days, respectively, for single and repeated dosing after three weeks. Overall, interindividual variability of the pharmacokinetic parameters was low. In general, the pharmacokinetics of both compounds after single and repeated dosing was comparable across the entire dose range and no significant accumulation took place. Over the dose range investigated, a dose proportional increase in the exposure of BIWI 1 and deconjugated BIWI 1 was observed. Dose individualization according to body size (weight or body surface area) was found to be appropriate and is recommended for the novel immunoconjugate.
Introduction
Squamous cell carcinomas of the head and neck (HNSCC) account for ~5% of all malignant neoplasms in Europe and the United States. The worldwide incidence is estimated to be ~500,000/year (1) . Current standard therapeutic options for HNSCC patients comprise surgery or radiotherapy (2) . While the prognosis for 1/3 early-stage disease patients (stage I/II) is good, the remaining 2/3 patients with advanced disease (stage III/IV) show relapse and distant metastases in 40% and 25-57%, respectively, suggesting residual tumor mass (3) (4) (5) . Hence, adjuvant chemotherapy was introduced as a beneficial addition for patients with advanced HNSCC (2) but the increase in survival was limited (6) . New adjuvant therapeutic options are, thus, highly needed (7) .
Immunotherapies with monoclonal antibodies (mAbs) targeting tumor-associated antigens expressed on the surface of squamous carcinoma cells such as E48 (8) and CD44 splice variants containing the v6 domain (CD44v6) represent an attractive novel molecular approach to selectively deliver toxic agents to tumor cells (8, 9) . Initial efforts concentrated on the development of radioimmunoconjugates of mAbs directed against CD44v6 for radioimmunotherapy (10, 11) . Clinical trials with the 186 Re-labeled bivatuzumab demonstrated promising anti-tumor effects with good tolerability (12) . Bivatuzumab (BIWA 4) is a humanized IgG1 mAb recognizing the domain v6 of CD44 which is uniformly expressed on the vast majority of squamous cell carcinomas (13) .
Recently, non-radioactive immunoconjugates have been developed where the cytotoxic agent mertansine was covalently coupled to mAbs, e.g. bivatuzumab or cantuzumab, in a molecular ratio of about 3:1 (14; Heider et al, 17th AACR-NCI-EORTC International Conference on molecular targets and cancer therapeutics, abs. A52, 2005) . Mertansine is a derivative of the antimicrotubule agent maytansine, displaying a 100 -to-1000-fold higher cytotoxic activity than other clinically used anticancer drugs, e.g. taxanes or anthracyclines (15) . After binding to the target antigen, e.g. CD44v6, the antibody-mertansine complex is internalized and the mertansine molecules are released by cleavage of the mAb-mertansine disulphide bonds. Mertansine inhibits tubulin polymerization, thereby disrupting microtubule assembly leading to mitotic arrest and finally tumor cell death (16) .
With the prodrug bivatuzumab mertansine (BIWI 1) a dose escalation clinical trial was performed in patients with advanced HNSCC. The aim of the present study was to characterize the pharmacokinetics and immunogenicity of the novel immunoconjugate. As dose was adjusted to body surface area this approach should also be evaluated. In addition, we here report preliminary safety results with data for the maximum tolerated dose of bivatuzumab mertansine.
Materials and methods
Study design and treatment protocol. Adult patients suffering from recurrent, inoperable or metastatic HNSCC were eligible for this phase I trial with accelerated dose titration. The study was performed in accordance with the Declaration of Helsinki, Version of 1996 (17) and approved by the Independent Ethics Committees of the participating sites. All patients gave written informed consent prior to inclusion.
Treatment started with a single intravenous dose of bivatuzumab mertansine (BIWI 1) followed by a three-week observation period (= 1 course). Patients who experienced clinical benefit and had recovered from any drug-related adverse event were eligible for repeated courses. Bivatuzumab mertansine was administered as an intravenous infusion over 30 min. Each infusion of bivatuzumab mertansine was followed by a 100-ml wash of the tubing system with 0.9% NaCl and a 10-ml NaCl flush of the venous access (~15 min). The starting dose of the trial was planned to be 25 mg/m 2 bivatuzumab mertansine with 25 mg/m 2 escalating increments. Before entering a new patient at the next higher dose level it had to be ensured that the patient at the ongoing level did not experience any drug-related adverse events of grade >2 common toxicity criteria (CTC) (18) . As soon as one patient experienced drug-related CTC grade >2 at a certain dose level, a further two patients had to be treated at that and each higher dose level. When at the ongoing dose level one patient experienced previously defined dose-limiting toxicity (DLT) the number of patients treated at that dose level had to be increased to a total of 6 patients. DLT was defined as drugrelated CTC grade ≥3 non-hematological toxicity excluding nausea and vomiting or drug-related CTC grade 4 neutropenia for at least 4 days and/or complicated by infection or drugrelated thrombocytopenia of <25,000/ml. The maximum tolerated dose (MTD) was the highest dose at which none of the patients or no more than one patient out of six experienced DLT.
Safety assessment. For safety evaluation adverse events with their intensity assessed according to CTC version 2, laboratory evaluation and vital signs were recorded.
Serum sampling. Serial 6 ml blood samples were to be taken pre-and post-infusion at 5 min after the NaCl flush (i.e. after the end of the bivatuzumab mertansine infusion and the 100 ml + 10 ml NaCl wash steps of the tubing system and venous access, respectively), and at 2, 4, 8 and 24 h as well as at any time during days 4, 7, 10, 14 and 21 after the start of infusion. Blood on day 1 had to be drawn from the arm contralateral to the one where the infusion was given. Blood was collected in a non-anticoagulant tube, allowed to clot and centrifuged at 4-8˚C to prepare ~3 ml serum for the determination of: i) the concentrations of the prodrug BIWI 1 (bivatuzumab mertansine) and of anti-CD44v6 antibody (representing the sum of intact bivatuzumab mertansine plus any mertansineconjugated or -deconjugated IgG1 antibody recognizing CD44v6); and ii) the occurrence of human anti-human antibodies (HAHA), i.e. anti-BIWI 1 antibodies, but only in pre-infusion and day 21 samples.
For the repeated course after 3 weeks the same sampling schedule as for the first course was applied except for 1 patient where a reduced sampling schedule was used (predose, after infusion and washing/flushing, 3 h after start of infusion and at any time on day 21).
Drug concentration assay-BIWI 1. Serum concentrations of BIWI 1 were determined by an enzyme linked immunosorbent assay (ELISA) where a sandwich complex of: i) antigen (glutathion S-transferase-CD44v6 immobilized on microtiter plates); ii) the analyte BIWI 1; and iii) detector antibody (selective anti-mertansine, biotinylated monoclonal mouse antibody) was formed. The complex was photometrically detected after incubation with streptavidinperoxidase and a chromogenic substrate. The sandwich ELISA had a lower limit of quantification (LLOQ) of 2 ng/ml (~13 pM), respectively.
Drug concentration assay-anti-CD44v6 antibodies.
The analyte representing the sum of intact BIWI 1 plus any IgG antibody recognizing CD44v6, was quantified using also a sandwich type ELISA with the same antigen as described above. However, the detector antibody was an enzyme labeled, polyclonal rabbit anti-human IgG antibody. After incubation with a chromogenic substrate the sandwich complexes formed were detected photometrically. The lower limit of quantification of this ELISA was 100 ng anti-CD44v6 antibody equivalents/ml serum corresponding to a LLOQ of ~0.67 nM.
Deconjugated BIWI 1 concentrations (bivatuzumab without mertansine, however, the linker or parts of the linker might still be present) were calculated by subtracting the measured BIWI 1 concentrations from the respective measured antiCD44v6 antibody concentrations.
Immunogenicity assay-anti-BIWI 1 antibodies. The presence of anti-BIWI 1 antibodies as human anti-human antibodies (HAHA) was evaluated by a selective ELISA of the double antigen or bridging type. Due to a missing positive human anti-BIWI 1 serum which could be used as standard, the validation of the present assay was carried out using polyclonal rabbit anti-BIWI 1 IgG antibodies that were purified from serum using protein A. As it is not possible to absolutely quantify the antibody concentrations in terms of antibody mass/volume relative measurements of anti-BIWI 1 concentration in ng reference antibody equivalents/ml were obtained. Serum samples (100 μl) were required and diluted with serum (1:5) resulting in a quasi 'lower limit of quantification' of 10 ng equivalents/ml serum. All samples with a response above the cut-off value of 10 ng/ml were considered to indicate a positive anti-BIWI 1 immune response. These samples were further characterized by a blocking experiment with BIWI 1 and other test reagents in order to verify a true positive anti-BIWI 1 immune response.
In all three bioanalytical assays accuracy and precision parameters met international criteria (19) .
Pharmacokinetic analysis. The pharmacokinetic (PK) properties of BIWI 1 and deconjugated BIWI 1 were determined by non-compartmental analysis (20) of the serum-concentration time data using the software WinNonlin™, version 4.1 (Pharsight Corp., Mountain View, CA). For analysis the actual administered doses and actual blood sampling times were used. As infusion duration the sum of infusion and washing/ flushing time was used. The relevant pharmacokinetic parameters were determined for BIWI 1 and deconjugated BIWI 1 per individual and per course as follows: C max , the observed maximum concentrations with the corresponding sampling timepoints, t max , were directly taken from the entire individual concentration-time profiles. The apparent terminal rate constant, Ï z , associated with the apparent terminal (loglinear) portion of the profile as first-order rate constant was determined from the slope of the regression of ln (concentration) versus time. The apparent terminal half-life, t 1/2 , was then calculated by t 1/2 = ln(2)/Ïz. Area under the serum-concentration time curve (AUC) was calculated for two different time periods using the log-linear trapezoidal rule (20) . AUC 0-168 and AUC 0-∞ represented the areas from 0 to 168 h and to infinity, respectively. The extrapolated area from the last time point with a serum concentration above the lower quantification limit (t z ) to infinity was calculated by C' tz /Ï z , where C' tz was the predicted concentration at t z . In addition, for BIWI 1 clearance (CL) was determined by dividing the dose by AUC 0-∞ , and the mean residence 2 where dose-limiting toxicity was observed, corresponding to 54-637 mg absolute doses with 1 patient per dose tier up to 175 mg/m 2 and 3 patients thereafter except in the 300 mg/m 2 dose group with 6 additional patients. Thirteen patients underwent repeated courses but only 12 of them had extensive sampling in the first repeated course. The patient demographic characteristics at the start of the PK study are summarized in Table I .
Safety and maximum tolerated dose. The primary target tissue of bivatuzumab mertansine for toxicity was the skin. Serious and non-serious skin-related adverse events were reversible with and without local and systemic therapy. Skin reactions were the dose limiting toxicity (DLT) determining the maximum tolerated dose (MTD) of 300 mg/m 2 bivatuzumab mertansine.
BIW1 1 and deconjugated BIWI 1 drug assays and documentation.
In one patient concentrations of BIWI 1 and deconjugated BIWI 1 were detected in the pre-dose sample of the first course. These were excluded from the dataset for Table I . Patient demographics (n=31) at the beginning of the study. -------------------------------------------------Figure 1 . Semi-logarithmic dose-normalised individual (-) and geometric mean ( ‡) serum concentration-time profiles of BIWI 1 (A, n=31) and deconjugated BIWI 1 (B, n=31) after the first 0.5-h infusion of bivatuzumab mertansine.
analyses. Furthermore, the duration of the washing/flushing procedure of the administration system for that patient was not recorded. Thus, only the infusion time was used as infusion duration.
Concentration-time profiles of BIWI 1 and deconjugated BIWI 1. Individual and geometric mean serum concentrationtime profiles of BIWI 1 and deconjugated BIWI 1 after the first infusion of BIWI 1 are displayed in Fig. 1 . Due to the wide dose range administered all drug concentrations were dose-normalized to a dose of 1 mg/m 2 . Whereas over the 3-week observation period the mean BIWI 1 concentration only declined with 2 distinct phases, the mean concentration of deconjugated BIWI 1 first increased for 2-3 days after mAb infusion and subsequently decreased in a monophasic manner over time. On average, BIWI 1 concentrations exceeded the deconjugated BIWI 1 concentration Table II . Pharmacokinetic parameters of BIWI 1 after a 0.5-h infusion of bivatuzumab mertansine, determined by noncompartmental analysis. 
----------------------------------------------------------------------------------------------------
a Geometric mean.
b Geometric coefficient of variation.
-
only during the first day and after being approximately equal on day 2, the concentrations of deconjugated BIWI 1 were above those of BIWI 1. Compared to the first infusion the dose-normalized concentration-time profiles after the repeated course were similar in size, shape and spread with the exception of measurable pre-infusion concentrations of BIWI 1 and deconjugated BIWI 1 (Figs. 2 and 3) .
Pharmacokinetic data analysis and parameters. All individual concentration-time profiles were evaluable by noncompartmental pharmacokinetic (PK) analysis. The PK parameters of BIWI 1 and deconjugated BIWI 1 are summarized with the respective descriptive statistics in Tables II  and III 2 )] occurred at much later time points of 68.9 h. Both time points varied among patients ranging from 1/2 h to ~4 h and ~1 to ~7 days for BIWI 1 and deconjugated BIWI 1, respectively.
After the repeated BIWI 1 infusions, C max of BIWI 1 and deconjugated BIWI 1 [geometric means: 0.518 and 0.120 (μg/ml)/(mg/m 2 ), respectively] were very similar to those after the first course. While the median t max value for BIWI 1 (0.775 h) was also comparable to the first course, the value was lower for deconjugated BIWI 1 (46.6 h) but still considerably later than for BIWI 1. In total, geometric coefficients of variation of C max were low (<27%) after the first or repeated course. The highest individual concentration of BIWI 1 was 176 μg/ml and of deconjugated BIWI 1 was 50.8 μg/ml. Dose-normalized areas under the serum-concentration time curve for the periods from 0 to 168 h (AUC 0-168 ) or to infinity (AUC 0-∞ ) of BIWI 1 and deconjugated BIWI 1 did not differ in size or variability between the first and repeated course. AUC 0-168 and AUC 0-∞ values of BIWI 1 were very similar indicating that only a small part was based on extrapolation whereas for deconjugated BIWI 1 approximately 50% of the AUC 0-∞ was extrapolated. Table III . Pharmacokinetic parameters of deconjugated BIWI 1 after a 0.5-h infusion of bivatuzumab mertansine, determined by non-compartmental analysis. --------------------------------------------------------------------------------------------------- 
-----------------------------------------------------------------------------------------------------
- Mean clearance and volume of distribution values of BIWI 1 after the first administration were low with 1.45 ml/ min and 5.25 l resulting in a median half-life of 75.8 h. After repeated courses the values were comparable being 1.47 ml/min, 5.44 l and 81.1 h, respectively. Half-life of deconjugated BIWI 1 was significantly longer (first course: 141 h; repeated course: 173 h) than of BIWI 1.
----------------------------------------------------------------------------------------------------
In total, interindividual variability in the pharmacokinetic parameters of BIWI 1 and deconjugated BIWI 1 was relatively low. In order to evaluate whether dose adjustment to body surface area (BSA) was appropriate exposure expressed as AUC 0-168 , normalized to a dose of 1 mg/m 2 or of 1 mg was plotted against BSA (Fig. 5) . The lower variability and more random spread in the left panel where dose normalization by mg/m 2 is shown indicate that dose individualization by body size resulted in more similar exposure of bivatuzumab mertansine in all patients than giving the same absolute dose to all patients. Fig. 6 illustrates that dose individualization by weight would also be appropriate.
Anti-BIWI 1 antibodies -immunogenicity response. In none of the 31 patients were anti-BIWI 1 antibodies such as HAHA detectable, i.e. no positive anti-BIWI 1 immune response was observed.
Discussion
Immunotoxic conjugates are becoming an attractive component of anticancer treatment. Highly toxic agents which display an unfavorable therapeutic index if administered as single agents are coupled to monoclonal antibodies (21) . By combining the exquisite targeting specificity of mAbs with the enhanced tumor-killing power of cytotoxic molecules, immunoconjugates permit better discrimination between antigen-positive malignant cells and antigen-negative healthy tissue, resulting in less systemic toxicity than most conventional chemotherapeutic drugs. One monoclonal antibody conjugate, gemtuzumab ozogamicin (Mylotarg™), has already been approved where the potent toxin calicheamicin has been conjugated to an anti-CD33 antibody (22) . In the present study, a pharmacokinetic, immunogenicity and preliminary safety analysis was performed with the immunoconjugate bivatuzumab mertansine, where the cytotoxic agent mertansine is coupled to the monoclonal antibody bivatuzumab. The humanized IgG1 monoclonal antibody is directed against CD44v6, a promising target on the surface of malignant squamous cells. This phase I single dose escalation trial with bivatuzumab mertansine in patients with advanced squamous cell carcinomas of the head and neck (HNSCC) was the first study that assessed the maximum tolerated dose (MTD) of this novel approach. Homogenous expression of CD44v6 has been observed in various malignancies, including squamous cell carcinoma of the lung, skin, esophagus and cervix, while heterogeneous expression was found in adenocarcinomas of the breast, colon, lung, pancreas and stomach (13) . In normal tissues CD44v6 expression has been found in epithelial tissues such as skin, cervix, cornea, tonsil, breast, ureter, bladder and bronchial epithelium (23) .
The main toxicity of bivatuzumab mertansine determining the MTD of 300 mg/m 2 was related to skin which can be explained by binding of the antibody component bivatuzumab to keratinocytes. By immunohistochemistry skin keratinocytes stained positive for the CD44v6 antigen and accumulation of administered anti-CD44v6 mAbs in the basal skin layers had been observed in previous trials (11) . In the present study, there were no indications for toxicity related to the free maytansine derivative mertansine, resulting from deconjugation. The main toxic effects of maytansine in the unconjugated form reported in phase I and II studies of the late 1980s were neural and gastrointestinal toxicities (24) (25) (26) (27) . Nevertheless, from the concentration-time profiles in Figs. 1 and 2 a slow but substantial deconjugation of bivatuzumab mertansine in the circulation may be derived. For another humanized mertansine-conjugated antibody with the same conjugation chemistry, cantuzumab mertansine, substantial deconjugation has also been reported (15, 28) . Free mertansine plasma concentrations were measured in two patients by an ELISA of a protein-free extract of blood (15) . Importantly, only up to 48 h after administration of the antibody conjugate, free mertansine was quantifiable in the plasma which always represented <1% of the total circulating mertansine (antibody-conjugated mertansine plus free mertansine). These data suggest that free mertansine is rapidly eliminated from the circulation after formation.
The initially developed monoclonal antibody BIWA 1 against the target originated from a hybridoma clone of murine antibody-secreting B-cells. The radiolabeled mAb recognized the CD44v6 epitope and showed favorable biodistribution properties in a phase I study. However, in 11 of 12 patients anti-mouse antibodies were observed (11) . To avoid the immune response especially after repeated dosing, a humanized IgG1 monoclonal antibody, bivatuzumab (BIWA 4), was developed. Clinical data from a phase I study of the 186 Re-labeled mAb in patients with HNSCC, non-small cell lung cancer and adenocarcinoma of the breast showed good accumulation of the radionuclide indicating that the target was reached (12) . Due to patient and environmental safety concerns, the humanized bivatuzumab mertansine now presents a non-radioactive labeled development of the 'targeted therapy' approach. In the trial reported here, none of the 31 patients developed anti-BIWI 1 antibodies. This finding is in agreement with the low immunogenicity of the radiolabeled mAb observed by Colnot et al (29) and Koppe et al (30) . As we did not observe any positive anti-BIWI 1 immune response either after single or multiple dosing the data suggest that bivatuzumab mertansine has no or only very little immunogenicity, at least after short-term administration.
Regarding the concentration-time courses and pharmacokinetic parameters of bivatuzumab mertansine several favorable properties were found. Serum concentration-time profiles of BIWI 1 were almost superimposable after the infusions of the first and repeated course suggesting minimal accumulation. BIWI 1 distributed into a restricted volume of approximately 5 l which is consistent with the behavior of endogenous IgG immunoglobulins and exogenously administered specific therapeutic antibodies (31) (32) (33) . Since the values for the distribution volume were slightly higher than the volume of plasma water additional but limited distribution outside serum into extravascular spaces was probable which was also observed for other mAbs (32, 34) . In a previous investigation the cytotoxic agent mertansine was successfully delivered to its target antigen CD44v6 with its surface membrane localization on the squamous carcinoma cells as evidenced by radioactivity-labeled immunoconjugate (12) .
Typical clearance values of humanized mAbs range between 3 and 100 ml/h (31,34) resulting in half-lives of approximately 8-15 days. The clearance of BIWI 1 was almost 90 ml/h and thus in the upper typical range. Interestingly, clearance after single and repeated dosing was very similar and constant over the entire dose range investigated. Therefore, the data suggest a linear pharmacokinetic behavior between 25-325 mg/m 2 . This finding is in accordance with other clinical pharmacokinetic studies on humanized monoclonal antibodies (35) (36) (37) (38) (39) . However, for some mAbs also single nonlinear elimination or parallel non-linear and linear elimination pathways of the overall clearance were reported, i.e. clearance was not constant across a larger dose range but decreased with higher doses (40) . The estimated half-lives of BIWI 1 and deconjugated BIWI 1 were relatively long (3-7 days, respectively) compared to the vast majority of therapeutic agents but shorter than that of physiological and most humanized monoclonal IgG1 antibodies. The initial fast decline of BIWI 1 concentrations might be explainable by the quick cleavage of mertansine from the conjugated antibody. The second slower decline might be attributable to parallel processes such as cleavage of mertansine and the protective mechanism from elimination generally occurring for antibodies. The elimination of physiological IgG1 is believed to occur by slow and non-specific proteolytic degradation in hepatic endothelial and reticuloendothelial cells and proteasomes (41, 42) . An additional contributing factor to the extremely long serum half-life of physiological IgG1 in humans of 18-21 days has been identified as the endocytosis and specific binding to intravesicular neonatal Fc receptors (FcRn). This mechanism protects IgG1 molecules from intracellular degradation and returns them intact to the circulation (43) . Thus, it is very likely that BIWI 1 elimination also occurred via the first-order process postulated for native IgG1. The reasons why the BIWI 1 showed a shorter half-life than physiological IgG1 antibodies might be the less efficient binding of the BIWI 1 molecules to FcRn and, hence, less efficient protection by FcRn.
The evaluation of the dose adjustment to body surface area (BSA) or body weight suggests that dose individualization according to body size seems appropriate. Due to the small sample size a conclusion whether dose should better be individualized on a mg/m 2 or mg/kg basis cannot be drawn. Similar results (individualization to body size) were obtained for the chimeric antibody basiliximab (44) and the humanized antibodies daclizumab and sibrotuzumab (40, 45) . In the case of sibrotuzumab, other measures of body size, including BSA, were inferior to body weight in explaining inter-patient variability.
In summary, the pharmacokinetic characteristics of bivatuzumab mertansine corresponded well to the known PK behavior of other humanized mAbs. The low variability in the pharmacokinetic properties after individualization of the dose to body size clearly supports such a recommendation.
